relative to the plate center of gravity as the f r equency of oscillation increases. The effect of material on this crossover frequency is also shown.
In the limit as frequency tends toward infinity, ablation velocity negligible compared to propagation velocity, the temperature lag approaches n/4 and the ablative lag approaches z e r o (the result for z e r o ablation velocity as derived by Carslaw and Jaeger, Conduction of Heat in Solids). heat transfer rate (Btu.ft-2.sec-1) time (sec) ablation velocity (ft.sec-l) coordinate measured perpendicularly from ablating surface (ft) initial material thickness (ft) s e e Equation (23) s e e Equation (23) vapor p r e s s u r e of element E (1bf.ft' 2 ) 
Mathematical Formulation of Problem
The problem is t h u s to determine the thermal and ablative behavior of a semi-infinite slab of a pure vaporizer exposed to a periodic heat input,
The t i m i lag through the boundary layer, as has, for example, been discussed by Lighthill(l) and Rott,(2) is not considered in this simplified case. Further, the heat input to the plate is assumed quasi-uniform; i.e., transverse heat conduction is neglected. Flow properties at the external edge of the boundary layer are treated as constant, although variations of these properties with time can be handled by the method outlined here. Finally, the material is a pure vaporizer, introducing no additional complications due to a liquid boundary layer. 
the energy conduction equation in the moving y coordinate system becomes a T a2T
The boundary conditions follow.
1. Temperature bounded as y --m
where X is some positive constant.
' U 2. The heat transfer at the wall, neglecting radiative emission, is the oscillatory heat input q(t) reduced by the effect of vaporization or m a s s blockage in the boundary layer and the latent heat of vaporization.
Mass Blockage Heat of
where J. is the m a s s blockage parameter given by the empirical relation --
Ah is the enthalpy difference across the boundary M is the molecular weight ratio (air to material k is the thermal conductivity p is material density is the thermal thickness for the steadystate problem, i.e., the distance y required for the temperature to decrease by l/e. T1 where VI is the steady-state ablation velocity. For q' << q l , it will be shown that v' << vl, v(t) = vl, and v* is of order one.
energy equation (4) may be written Employing these dimensionless parameters, the Equation (7) now indicates that the problem may be considered quasi-steady if 2 v1
->> 1 W K since then the unsteady t e r m is small compared to the steady-state t e r m s , assuming of course that the dimensionless quantities a r e of order one. This corresponds to w << 1 cps f o r typical materials.
To determine the actual solution, the ablation velocity and surface temperature are written in t e r m s of their steady and unsteady components:
where T'(y) is the complex amplitude of Tz(y, t). Since the governing equations will be linearized, T2(y, t) will have the s a m e frequency as q(t) but will in general have a time lag 4. For the perturbation q' << q l , it is assumed that the ablation velocity depends on q and T as in the steady case derived by Lees(4); that is, where for no chemical reaction, the m a s s fraction of element E is or where the second-order t e r m has been dropped.
Relations (4), (5), (6), and (14) is in general of order 10, temperature perturbation must then be of ordcr 1O-I or less than the order of the heat input.
The differential equation (4) may now be reduced to a second-order linear nonhomogeneous differential equation by substituting (9) and (14) and neglect-. ing second-order terms:
Then f r o m (12) and (13), ablation velocity may be written 
Solution with Mass Blockage
The velocity function must be changed to include mass blockage, as must the heat-transfer boundary condition at the surface. First (10) and -, (7) a r e solved, yielding
The only difference between this and the previous treatment (+ = 1) is that a more complicated development is required to determine the effect of temperature on vapor pressure and subsequently v(t) and @(t). Substituting for vapor pressure 41 from equation (13) 1
The differential equation (4) 
+
The boundary condition (6) becomes
Note that equations (20), ( Z l ) , and (24) 
IV. Results
The effects of frequency of oscillation and material properties on the thermal and ablative oscillations can now be discussed in the light of the above solution. These effects are manifested in the amplitude of the thermal and ablative oscillations, the lag of these oscillations relative to those of the heat input, and crossovers of the ablative lag from a dynamically stabilizing to a destabilizing condition with changing frequency. The latter effect, a n important dynamic stability consideration, is readily understood by examining ablative lags of 2 n -E and 2 n + E o r 0 -E and 0 + E , where E << n, Assuming the ablative surface rearward of the plate center of gravity, the ablative momentum flux for the lag 2n + E or 0 + E a s s i s t s the plate inertial force, a dynamically destabilizing condition. The flux for the lag 2 n -E o r 0 -E (actually an ablative lead) opposes the plate inertial force, a dynamically stabilizing condition. thermal and ablative lag f o r no mass blockage a r e
The effects of frequency of oscillation on the noted in Fig 2 and 3 f o r Teflon and quartz, respectively (material properties used in these calculations a r e listed in Table 1 Although quartz is not a pure vaporizer and thus does not satisfy the problem conditions, it does illustrate the effect of material properties. The effect of material is on the ablative lag which is considerably higher for the Teflon material.
Mass blockage appears to cause little change in either the maxima of the ablative lag and lead or the crossover frequency as indicated in Table 2 . 
%
ary Layer, L. Rosenhead, ed., Oxford University 7" 2 ,,
Layer," i n Theory of Laminar Flows, F. K.
Moore, ed., Princeton University P r e s s , 1964. 
